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Probing the anomalousZ yy and ZyZ vertices in radiative Mdller scattering
at Next Linear Collider energies
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In this paper we analyze the effects of the anomalous gauge boson couplingsZefjttendZ yZ vertices
in radiative Mbler scattering € e”—e " e y) at the Next Linear CollidefNLC). The 95% confidence level
limits for these trilinear couplings are evaluated considering three different sets @f ¢heNLC parameters.
We also present a brief discussion on the sensitivity of the NLC to the form factor Acale
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[. INTRODUCTION gives a particular and important feature to #iee™ experi-
Despite the successful description of the phenomenologynents not found in the*e™ counterparts. Total lepton num-
of the electroweak and strong interactions, many physicistber conservation implies very small backgrounds at the
do not consider the standard model a fully satisfactory theoryg~ e~ colliders. Thise” e~ option can be very important in
of fundamental interactions, since it does not answer somsgearching trilinear anomalous vertices of both charggd
important questions. Regarding the shortcomings of the starand neutral gauge bosons. In this paper we analyze the pos-
dard model, great efforts have been made by experimentaible effects of th& yy andZ yZ vertices in radiative Miber
groups[1] in order to search for deviations from the standardscattering,e e~ —e~ e v, considering three sets of NLC
model predictions as an indication of new physics. Severabarametergcenter-of-mass energy and integrated luminos-
extended models allowing the existence of new particles angy):
interactions have been proposed by theorists. The self- \5—05 Tev andc=50 fbo L
interactions of the electroweak gauge bosons, as an impor- J5=1.0 TeV and£=200 fb 1
tant and sensitive probe of the standard model, have been J5= _ _q
. ; . . ; . s=1.5 TeV and£=500 fb -.
extensively discussed in the literature. These interactions are

. . In each case we bound physical regions in which the
well determined by the non-Abelian SU()J(1) gauge . ) 0 !
symmetry of the standard model. Despite the early stage qnomalous couplings become valid at the 95% confidence

the present experimental status with respect to the vectg v_eI (C.L.). We consider the new physics energy Sca'? 0 b.e
gauge boson self-interactions, in particular those among ned; L5 Te\/. T_hes+e feSUItS complement those obtained in
tral gauge bosons, one can establish experimental bg@hds ¥ production ine”e or pp.colllders. It sh.ou_ld be noted
on the parameters of the anomalous interactions. The curre at the NLC upgradg:s implies more restrictive bou_n_d_s on
experimental limits suggest that new nonstandard physic € ano_malous couplings. We also analyze the sensitivity of
would be set in around an energy scalewell above the the collider to th? fofm factor scala regarding each of
electroweak scale. As soon as the proposed high energy C&pese energy-luminosity prospects.

liders start running, an improvement on the sensitivity of the

experiments to nonstandard trilinear vertices is expected.

The study of more detailed aspects of physics demands !l THE ANOMALOUS Zyy AND ZyZ VERTICES
machines that satisfy certain requirements. The next genera-
tion .Of linear colllders[Next I.".n.ear CoIhder(NLC)] €an  in momentum space for an on-shel] consistent with Lor-
provide bo'th better defmgd initial a_nq final states and a%ntz and gauge invariance, are given by
excellent discovery potential. The original projects for such
machines allowed only* e~ collisions. However, further

The most general trilineaZ yy [6] andZyZ [7] vertices

studies indicated that the addition efe™ [3,4], ey and 2
YY modes before constructi.ng the whole apparatus would be}/g/y?;t(k,p,q) = ie%‘ h](p“g*#—p“g~?)
simple, low cost and very important to the NLC program, z
since a new and very rich physics can be readBed]. The hY
present designs for treee™ NLC predict different stages of + _22[qa(q, pg A —prqP)]+hi(e#*Frp )
operation, allowing the center-of-mass energy to vary from M P
0.5 TeV to 1.5 TeV and the integrated luminosity to reach hY
_ 1 4
500 fb - per year[3]. The nonzero total lepton number +_2(8,uﬁp0'qaqppa_)] 1)
z
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FIG. 1. AnomalouZyZ andZvyy vertices.
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respectively. Terms proportional i or g# are neglected
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FIG. 3. Dependence of the total cross section on the center-of-
mass energw/s. The solid curve represents the standard model
prediction, while the dashettash-dotted and dotted(dash-dot-
dotted curves receive the contribution from the anomalous cou-
plings h5,(hy) =0.4 andh?, (h},)=0.04, respectively, for a form
factor scaleA=1.5 TeV [same forh{(h])=0.4 andh?, (h}
=0.04, respectively

Equations(1) and (2) are consistent with corresponding ex-
pressions obtained in Reff8]. The index assignments and
momentum flow are given in Fig. 1. All anomalous couplings
areC odd,hY andh} violate CP, whereasy andhy areCP
even, whereV=v,Z. In the standard model all eight cou-

since the two virtual bosons couple to massless fermionglingshy vanish at the tree level. In order to satisfy unitarity,
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FIG. 2. Feynman diagrams for the radiative/IMo scattering,
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FIG. 4. Transverse momentum distributions for the photdaat
Js=0.5 TeV, (b) ys=1.0 TeV and(c) ys=1.5 TeV. The solid
curves represent the standard model predictions. The dédheld-
dotted and dotteddash-dot-dottedcurves correspond to the con-
tribution of the anomalous couplingg,(h}) andh3,(h},) respec-
tively with the following numerical values: in grapa), h‘l’0= 1.0
and hy,=0.5; in (b), h},=0.5 andh},=0.05; and in(c), h{,;=0.1
andhy,=0.005, wher&/=vy,Z. An input scaleA =1.5 TeV is con-

e e —e e y. (@—(d) correspond to the standard model dia- sidered. Forhy,(hy,) instead ofhy(hy) the anomalous distribu-

grams, and diagram®)—(g) give the anomalous contributions.

tions behave essentially the same way.
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FIG. 5. 95% C.L. contours in tha; h]"O (i,j=1...4j<j)

curves correspond td=Z andV = y, respectively. The form factor

scale is considered to be=1.5 TeV.

we take the anomalous couplings as form factq\f&z,qz)

whose dependence on the invariakfsand q? must ensure
Bose symmetry in each of the four terms of EB). Since
these form factors must vanish at very large valuek#for

|g?|, we chose to express them in a dipole-like fdT,

hio
qz+k2)”’

i=1...4,
(1_ A2

h'(g?k?) =

wherehi\{, are constants that represent the couplings values at

low energiesn=3 for hY {k?,g%) andn=4 for hy (k?,g?).

A is the energy scale around which nonstandard effects

would become manifest.

Ill. CROSS SECTIONS AND LIMITS

The sensitivity to the anomalous couplings was tested by

carrying out a Monte Carlo simulation of the processe™

—e~ e y. The tree-level standard model Feynman diagrams
are shown in Figs. @)—2(d), whereas the anomalousyy
andZvyZ contributions are given by the diagrare—(g). It

)
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FIG. 6. Same as Fig. 5 but for/s=1.0 TeV and £
planes for\s=0.5 TeV and£=50 fb’1 The solid and dashed =200 fo I,
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is worthwhile to point out that in these anomalous graphs the FIG. 7. Same as Fig. 5 but for/s=1.5 TeV and £
two virtual boson lines are spacelike, differently of what hap-=500 fb 2.
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TABLE I. 95% C.L. constraints on correlated form factors for

A=15 TeV and forys=0.5 TeV (derived from Fig. 5.

TABLE Il. 95% C.L. constraints on correlated form factors for
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A=1.5 TeV and forys=1.0 TeV (derived from Fig. 6.

Parameter Negative Positive Correlation  Parameter Negative Positive Correlation
limit limit coefficient limit limit coefficient

h%, -36x10'  +6.7x10°! -0.84 h%, -6.9x102  +1.1x10°! -0.87

hZ, —6.2X10°? +5.7x107? h%, —3.6x10°° +3.5x107°

h% —45x10°r  +4.4x10! —0.84 h%, -79x10°%2  +7.7x10? -0.87

h%o —5.2x10°? +5.3x10°2 hZo -3.3x10°3 +3.4x10°3

h?, -1.4x10Y  +40x10'  +51x10°° h%, -25x10%2  +6.2x102  —7.7x10°°

h% —2.9x10! +2.9x10! h3, —4.4x10°? +4.3x10°?

h%, -1.4x10t  +40x10'  +56x10°° h%, -25x10%2  +6.2x102  —-51x10°

h%o -3.2x102  +3.3x10°? h%o -1.8x10°%  +25x10°

h2, -1.9x102  +39x102  +2.7x10°2 h%, -1.2x10%  +22x10%  +2.4x102

h%, -2.8x10Y  +2.8x10! h%, —43x10°2  +4.3x10°?2

h2, -1.9x102  +39x102  +1.4x102 h%, -1.2x10%  +22x10%  +2.1x102

h%o -3.1x102  +3.2x10°? h%o -18x10%  +1.8x10°

h%, —2.4x10t +2.3x10?! —-0.89 h%, —4.8x10°? +4.8x10 2 —-0.91

h3, -3.7xX10°2  +3.9x10°? h3, -24x10°%  +26x10°

h%, —2.4x101! +2.3x10?! —-0.88 h2, —4.8x10°? +4.8x10°? —-0.91

h2o -3.8x10%2  +3.8x10°? h2o -25x10%  +25%x10°°®

h7, —-1.1x10* +1.2x10°1 —8.2x10°? h%, —1.9x10°? +2.2x10°? —1.0x10°2

h%, -1.1x101 +1.1x10°* h%, —2.1x10°? +2.1x10°?

hl, -11x10'  +12x10!  +1.2x10°2 h7, -19x10°2  +22x102  +6.1x10°

h, -1.7x10°? +1.7x107? h, -1.0x10°3 +1.0x10°°3

h, —1.6x107? +1.8x10°? +1.3x107? hJo -9.8x1074 +1.1x10°8 +2.1x10°2

h, —1.1x101 +1.1x10°?! h, —2.1x10°? +2.1x10°?

h3, -1.6x102  +1.8<102%  +8.7x10°4 h3, -9.8x10*  +1.1x10°  +1.0x10°2

hl, —1.7x10°? +1.7x10°? h, -1.0x10°3 +1.0x10°3

. L . Their total event rates are comparable to the standard one up
pens inZy production ine”e™ or pp colliders. The graphs ' <1 o Tev

corresponding to the exchanged final electrons are also con-

sidered in the.calculation Wit.h thg relativg minus sign ONihe most sensitive to the anomalous couplings is the trans-
account of the interchange of identical fermions, but they ar¢arse momentum distribution of the final photder/dx;

not shown in Fig. 2. The amplitudes were evaluated numeri- _ . )
cally for convenience. Electrons in either the initial or final wherexT—ZpT/\/E is the scaled variable of the photon trans

verse momenturpy . Distributions of this kind are shown in
states are taken massless. The electroweak parameters W&~ 4 both for the standard model and for anomalous cou-
use areM ,=91.187 GeV]',=2.49 GeV, sih 4,=0.231 and g 4

2\ . plings calculated with a form factor scale=1.5 TeV. Only
«(M3) =1/128. We imposed a 10 GeV cut on the energy Ofhigh pt photons receive contributions from the anomalous

all final particles. We restricted polar angles, measured Witl?:ouplings. From Fig. 4 it can be inferred that the distribution

respecozt o thg beam direction, to be n the range- §; is more sensitive to they andh) anomalous couplings than
<175°, wherei =e, y stand for the two final electrons and to hY and hY  Considering thedo/dx. spectra we deter-
the photon. To avoid singularities we only account for events . 1 3 9 oldXr Sp

in which the photon and each of the electrons emerge with aW'ned .the form factors 95% c_:o.nﬁde.nce mterva!s by‘a
angle of separation greater than 1°. Figure 3 shows the tot naly23|s. The range Ofy was divided intong=8 bins and
cross section of the process we are considering as a functidh® X function defined as

of the center-of-mass energy. The number of events per year

Among several kinematical distributions we found that

predicted by the standard model is of the order of fd¥ Ng [ \SM_ NAN) 2
each set of NLC parameters. The four other curves in Fig. 3 X=> | — SM' , (4)
account for the anomalouZyy and ZyZ contributions. =1 AN;
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TABLE Ill. 95% C.L. constraints on correlated form factors for TABLE IV. 95% C.L. bounds on individual form factors fox

A=15 TeV and forys=1.5 TeV (derived from Fig. J. =1.5 TeV and for(a) ys=0.5 TeV, (b) \/s=1.0 TeV, and(c) /s
=15 TeV.
Parameter Negative Positive Correlation
limit limit coefficient Parameter Negative Positive
limit limit
h%, —3.6x10°2  +4.7x10°? -0.89
hZ, -1.1x107%  +1.1x10°3 @ h%, -1.2x10°* +3.7x10° !
h5 —4.0x10°2  +4.0x10°2 -0.89 hgo “Loas 3607
hgo —1'1>< 102 +1-1>< 10°3 ' h%, —2.3x10? +2.2x10°1!
40 : : hZo —2.6x102 +2.7x10°2
hZ, —13x10°2  +26X102  —1.2x10°2 hio —9.4x10°? +1.1x10°*
hZ, —1.9x10°2 1+2.0x10°2 h, —1.4x10°? +1.7x107?
. - - - h2o —1.0x10? +1.0x10°?
h%, —-1.3x10 +2.6x10 +2.1x 10 h, 15%10°2 +15%10°2
h%o -5.0x10*  +52x10°*
hZ ~36x10%  +63x104  +45x10°3 ® h§° e 10:i o 10:2
hgo o107 +2.0¢10°2 : h% —9.6x10 +2.0x10
30 : : h%, —3.6x102 +3.5x102
hZ, ~36x107%  +6.3x10°%  —2.0X10°2 h% -15x10°° +1.5x10°°
hZ, ~49x10°%  +52x107* hio —1.7x10°? +2.0x10°2
hJo —-8.7x10°* +9.8x10°*
hlo —-25x1072  +25x10°? -0.92 hl, —1.8x10°2 +1.8x10°2
h3, —7.6x107% +7.9x10°4 hl, —9.2x10°* +92%x10°4
h, —2.5x10? +2.5x10 ? -0.92 © hZ, 1.1x10°2 124%x10°2
hlo -77x10% +7.8<10° hZ, ~3.1x10°4 +5.8x10°4
h, -9.3x10%  +1.0x102  —1.1x103 h§0 —16x 107‘2‘ +1.7x 107‘21
h?’:O —9.8x 10*3 +9.8%x 10*3 h40 —4.2x10" +4.5x10
h%, —8.3x10°3 +9.2x10°3
h?, -9.3x10°%  +1.0x102  —54x10° h, —2.5x107* +2.8x10°*
hio -3.0x10*  +3.0x10°° h, ~8.7x10°3 +8.8x10°2
hl, —20x10%  +31x10*  +6.7x10°3 hio —2.7x10° +2.7%10°
h%, -9.8x10°3 +9.8x10°3
h3, -29x10%  +3.1x10%  +1.5x10°2

hl, —-3.0x10* +3.0x10™*

whereN>™ andN2N are the number of events in th& bin
predicted by the standard model and in the presence of
anomalous couplings respectively, and the total e&erM e
= NS+ (NSM5)2 is defined with the statistical and sys- ACToV)
tematic errors added in quadrature. We considered a system-

atic error 6=2% for each measurement. We obtained the
hio—hjo; (i,j=1...4,i<j) confidence regions whose N
95% C.L. contours are displayed in Figs. 5, 6, and 7 for each 1
set of NLC parameters. The form factor scale was takento be ;& '
A=1.5 TeV. From Figs. 5, 6, and 7 we extracted the corre- =
lated bounds and correlation factors shown in Tables I, I,
and Il respectively. The sensitivity to théyy and ZyZ
couplings increases significantly with the center-of-mass en-
ergy. The correlations are very strong for pairs of form fac-
tors with sameCP parity, whereas essentially no correlation g1, 8. Dependence of the form factor bounds faf}| (i

A(TeV)

2 4 6 8 10
A(TeV) A(TeV)

is found for pairs of form factors with differer@P parity, ~ =1 . 4) on thescale A. The solid (hollowed symbols corre-
suggesting thacp'conseerg eﬁeCtZS may be disentangledspond toV=7y (Z). The symbols representing the limits &6
from CP-violating ones. Thehj—hijs(i,j=1...4) con- =05 TeV, ys=1.0 TeV andys=1.5 TeV are circles, triangles

tours, not displayed, obtained by combining the couplingsand squares, respectively. The dotted lines display the respective
from both anomalous vertices has shown essentially no copartial wave unitarity bounds.
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relation between them, i.e., effects arising from one anomaing values ofA, reaching an asymptotic limit, which depends

lous vertex may be disentangled from the other one. Thi®n the center-of-mass energy. From the experimental point of

absence of correlation betweh} andhjz0 is due to the fact view, the NLC would be insensitive to any change in the

that the contribution to the amplitude of interfence terms ofform factor scaleA beyond this asymptotic value. An in-

the anomalous diagrams can be neglected. We also varielease in the center-of-mass energy allows that tighter limits

each form factor at a time, while all others were kept withbe set on the form factors.

their standard values. These one-degree-of-freedom 95%

C.L. limits at each NLC energy appear in Table IV. To com- IV. CONCLUSIONS

pare these limits with those already measured or theoretically

estimated is not always straightforward, since the conven- We have discussed the possibility to search for the anoma-

tions adopted in the literature are not uniform. The bounddous Zyy andZyZ vertices at the planned Next Linear Col-

on anomalous couplings measured at CERNe~ collider  lider operating in thee"e™ mode, at different energy-

LEP and Fermilab Tevatron lie in the range 16- 102 [2]. luminosity prospects. These trilinear vertices can be tested

Some theoretical estimates for the CERN Large Hadron Colby means of the radiative Mer scattering which probes

lider (LHC) [1], very LHC (VLHC) [7] and NLC[9] pointto  kinematical regiongtwo boson lines are spacelikdifferent

limits of the order 10%—10"4. Tables I-IV suggest that an from those of the usualy production ine“e™ or pp col-

e~ e~ version of the NLC could be competitive with other liders. The sensitivity of the process is enhanced at higher

machines of next generation, as far as the determination afenter-of-mass energies. Our results suggest thaetlee

the structure of the anomalowyy and ZyZ vertices is mode, together with the planned upgrades of the NLC will

concerned. become very important in the investigation of the structure of
The dependence of the bounds on the form factor stale the Zyy andZyZ vertices.

is displayed in Fig. 8. Whenever the absolute values of the

positive and negative limits differed, only the largest of the ACKNOWLEDGMENTS

two values was plotted. The corresponding partial wave uni-

tarity boundq 6] are also illustrated in Fig. 8 for comparison.  This work was partly supported by CNPq, FAPERJ and

In general, the bounds on the form factors fall with increasFINEP.
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